The utility of Faraday rotation to measure the magnetic field of the solar corona and large-scale transients within is a small, yet growing field in solar physics. This is largely because it has been recognized as a potentially valuable frontier in space weather studies, becausethe ability to measure the intrinsic magnetic field within coronal mass ejections (CMEs) when they are close to the Sun is of great interest for understanding a key element of space weather. Such measurements have been attempted over the last few decades using radio signals from artificial sources (i.e., spacecraft on the far side of the Sun), but studies involving natural radio sources are scarce in the literature. We report on a preliminary study involving an attempt to detect the Faraday rotation of a CME that passed in front of a pulsar (PSR B0950+08) in 2015 August. We combine radio measurements with those from a broadband visible light coronagraph, to estimate the upper limit of the magnetic field of the CME when it was in the corona. We find agreement between different approaches for obtaining its density, and values that are consistent with those predicted from prior studies of CME density close to the Sun.
INTRODUCTION
In the outer layer of the solar atmosphere is a region where the transition from closed magnetic fields that are bound to the Sun to open fields that escape to form the interplanetary field takes place. The solar wind transports the open fieldsoutward-where theyimpactplanetary and interplanetary bodies. Understanding the nature of the magnetic field in the corona and solar wind, and of transients within, is therefore crucial to understanding the impact of these features on the Earth and other planets. Despite extensive efforts over several decades to infer the field with observations and modeling (see, e.g., Cargill 2009 , for a review), at present the magnetic field in the solar wind can only be measured in the vicinity of spacecraft, and any alternative means by which the field in the solar wind can be measured will be of great value.
One method of determining the magnetic field in the corona and solar wind involves the measurement of the Faraday rotation of distant radio sources (Section 2.2). This is a widely used technique in radio astronomy for the determination of the magnetic field orientation in sources such as the radio lobes of active galaxies (e.g., Carilli & Taylor 2002; Lyne & GrahamSmith 2012; Havercorn & Spanger 2013) and has been applied to solar studies over the last few decades with some success (e.g., Stelzried 1970; Sofue et al. 1972; Bird et al. 1980; Gosling 1985; Mancuso & Spanger 1999) . The expectation is that changes to a distant well-known radio signal are caused by variations of the solar corona that, with knowledge of the density and size of the variation, can be used to derive its field. One such large-scale variation takes the form of coronal mass ejections (CMEs, Section 2.1), which play a vital role in coronal evolution and space weather at the Earth and terrestrial planets.
In this paper, we report on our preliminary attempts to measure the density and magnetic field of a CME as it passed in front of a pulsar in 2015 August. We combine radio measurements with those from a visible broadband coronagraph, determining the density from two different approaches, and combining the required properties to calculate its magnetic field. We find that the CME density is consistent with those predicted by prior studies with in situ spacecraft closer to the Sun.
BRIEF REVIEW OF CENTRAL THEMES
Since the readership of this paper is expected to include workers from both the radio astronomy and solar physics communities, we here provide brief reviews of our central themes for those who might not be in the community where they are widely recognized.
Coronal Mass Ejections (CMEs)
CMEs are large eruptions of coronal plasma and magnetic field from the Sun. While the term has been used to describe a variety of different solar eruptions, the most universally accepted variety involves those that contain a highly structured magnetic field at its core, which is known as a magnetic cloud (Burlaga et al. 1981) . These magnetic clouds carry away large quantities of density, magnetic field, and magnetic complexity from the corona and, as such, play a vital role in the evolution of the solar atmosphere (e.g., Low 1996 Low , 2001 ). When they arrive at the Earth, CMEs interact with the magnetosphere creating large disturbances known as (geo)magnetic storms (e.g. , Wilson 1990; Marubashi 2000; Echer et al. 2005) , and therefore have a major impact on space weather. Efforts in predicting magnetic storms involve attempts to predict the arrival time and speed of CMEs using observations of them near the Sun (e.g., Xie et al. 2004; Schwenn et al. 2005; de Koning & Pizzo 2011; Millward et al. 2013) , and in the inner heliosphere (e.g., Webb et al. 2009; Howard & Tappin 2010; Davis et al. 2011; Möstl & Davies 2013) , and by in situ spacecraft. Since the geoeffectiveness of CMEs is governed by the strength and orientation of their intrinsic magnetic fields (Dungey 1963) , the ability to predict the properties of their fields when the CMEs are close to the Sun would represent a major breakthrough in space weather prediction. CME structures are generally observed by broadband visible light imagers, particularly by coronagraphs on spacecraft (e.g., LASCO on board SOHO (Brueckner et al. 1995) and the CORs on board STEREO ) and on the ground (e.g., Mk4 (Elmore et al. 2003) and CoMP (Tian et al. 2013 , and references therein)), and by heliospheric imagers (e.g., SMEI on board Coriolis (Eyles et al. 2003 ) and the HIs on board STEREO (Eyles et al. 2009) ). These instruments measure light that has been Thomson scattered off free electrons in the plasma comprising the CME, which is dependent on the density, geometry, and location of the CME (see Section 5.2). Papers exploring the application of Thomson scattering to the corona and heliosphere include Minnaert (1930) and ,andtwo books by the lead author of this articleprovide further reading on CMEs (Howard 2011 (Howard , 2014 .
Faraday Rotation
Faraday rotation is the process where the plane of polarization of an electromagnetic wave rotates when it passes through a magnetized ionized medium. The angle of rotation, δθ, is dependent on the electron density N e and magnetic field B along the line of sight to the source, the distance l through the medium, and on the frequency ω of the waves themselves via 
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Here m e and e are the mass and charge of an electron,respec-tively, c is the speed of light, and ò 0 is the permeability of free space. Equation (1) shows that with measurements of δθ, N e , l, and ω, we can determine the integrated magnetic field B along the line of sight to the radio source. Given the magnitudes of the density and field that are generally expected to be found in the corona (e.g., Section 7.1), the frequencies at which the Faraday rotation angles will be most easily measured are in the low-frequency radio range of wavelengths of the order of a centimeter or longer (see, e.g., Howard 2011). Linearly polarized radio sources are required for Faraday rotation measurements (RMs). Since astrophysical radio sources are generally only weakly polarized, many studies that have attempted to use Faraday rotation to measure the solar corona have been conducted using artificial radio sources on spacecraft passing behind the Sun (e.g., Stelzried 1970; Bird et al. 1985; Gosling 1985; Efimov et al. 1993; Jensen & Russell 2007; Ord et al. 2007 ). However, some natural astrophysical sources are bright enough in polarization to be used for similar studies, albeit at larger distances from the Sun (e.g., Sofue et al. 1972; Bird et al. 1980; Mancuso & Spanger 1999; Ingleby et al. 2007; Ord et al. 2007; Smirnova et al. 2009; You et al. 2012; Kooi et al. 2013 
Why Pulsars?
Remarkably soon after their discovery, it was recognized that pulsars could provide very sensitive diagnostics of the solar wind (Counselman & Shapiro 1968) . Pulsars are compact and emit highly regular, predictable radio bursts that make them very valuable analytical tools for magnetic field studies. Some pulsars exhibit a signal with a measurable polarization, while others do not. Crucially, for our study, polarized pulsar signals not only enable the measurement of the Faraday rotation, but also of the dispersion measure (DM), which enables an estimation of density. This is because the variation of refractive index with frequency in the interstellar and interplanetary medium introduces a frequency-dependent time delay that can be used to estimate the column density of the medium through which the signal passes (Section 5.1). Additionally, pulsars provide a predictable signal that is easily recognized and measured. Our study focuses on a well-known pulsar, PSR B0950+08 (Section 3.1).
INSTRUMENTATION AND THE PULSAR
Our study combines ground radio data with spacecraft visible light coronagraph data. Radio data were provided by the first station of the Long Wavelength Array (LWA-1, http:// lwa.phys.unm.edu/). LWA-1 is an array of 256 dipoles colocated with the Very Large Array in the US state of New Mexico, and observes at a frequency range of 10-88 MHz (Taylor et al. 2012) . For our study, we used the beamforming mode, which consists of up to four independent beams used simultaneously. Each beam provides two orthogonal polarizations and two tunings, which contain bandwidths up to 19.6MHz (see Stovall et al. 2015 , for more details). We use two beams tuned to cover frequencies from 30 to 88 MHz in split-bandwidth mode, combined into a single observation covering that entire bandwidth.
LWA-1 suffered a loss in sensitivity in the middle of our observing campaign, when lightning struck the array at around 23UT on 2015 August 21. This resulted in severe damage to the receiver box for one of the dipole antennas and the loss of some 25% of the front end electronics. Our measurements from August 22 and later were therefore hampered by a 10%-15% loss of sensitivity. We have accommodated for this change in our results. Our observing run on August 21 had concluded around 45 minutes before the lightning strike, and so the observations made during the passage of the CME were not affected.
Visible light data were provided by the Large Angle Spectroscopic Coronagraph (LASCO, Brueckner et al. 1995) on board the Solar and Heliospheric Observatory (SOHO, Fleck et al. 1995) . We use the widefield coronagraph, C3, which observes out to around 7°from solar center at all angles around the Sun. The standard filter used for C3 observations, and the one we used for our study, is the clear filter, with a passband of ∼400-850nm. During our observing campaign, LASCO provided images every 12minutes, which are publicly available from the SOHO website (http://sohowww.nascom. nasa.gov/). This includes Level-1 data, in which each pixel has been calibrated into units of radiance.
The header component of each LASCO image contains World Coordinate System (WCS) information (see, e.g., Thompson & Wei 2010) , which provides global geometric data of each pixel in the image. This enables the determination of parameters such as the elongation and solid angle of any measured feature, which, combined with the calibrated radiance values, we use for the density calculations that we describe in Section 5.2. This also provided us with the ephemeris information needed to locate the pulsar relative to the Sun and place it in the correct location in the LASCO/C3 images (see Figures 1 and 2 , and the supplemental animation).
PSR B0950+08
PSR B0950+08 was one of the first pulsars discovered (Pilkington et al. 1968) and is often referred toin the literature as being very old (17 Myr), bright (at meter wavelengths), and nearby (e.g., McCullough et al. 2002; Zavlin & Pavlov 2004) . It has a spin period of about 250ms and has been extensively studied over the decades, including works by Brisken et al. (2000) , Zavlin & Pavlov (2004) , Smirnova (2012) , Stovall et al. (2015) , and Tsai et al. (2016) . Since this is the only pulsar observed in our study;henceforth, in this paper,we refer to PSR B0950+08 as "the pulsar."
OBSERVATIONS
Between 2015 August 13 and 27, the pulsar passed within 7°of the Sun such that it was in the field of view of LASCO/ C3. The close approach of the pulsar to the Sun enabled simultaneous measurements from LASCO and LWA-1. We performed coordinated observing campaigns during this time period, where one of us (Howard) monitored the near-real-time images from the Atmospheric Imaging Assembly (AIA, Lemen et al. 2012 ) on the Solar Dynamics Observatory (SDO) and alerted another (Stovall) of activity in the low solar corona that might be a signature of a launching CME. Stovall then began a dedicated observing run with LWA-1 until the pulsar passed too closely to the horizon for reliable measurement. The possible presence of a CME was then checked when the LASCO/C3 data became available a few hours later. Note that even a fast CME would take at least three hours to reach the location of the pulsar in the C3 field of view even at its closest approach to the Sun. When an alert was not issued, LWA-1 observations of the pulsar were still conducted for about an hour at the pulsar's transit. Figure 1 shows the location of the pulsar each time a C3 image was available for the entire observing campaign, from a Sun-Earth reference frame, superimposed onto a C3 image. We see that it passed southwardof the Sun and made its closest approach, of 4°.6, on August 21.
We include an animationcontaining each LASCO image and the location of the pulsar within for each run. A moderately wide CME departed the Sun late on August 21, and was tracked by C3 heading in a southwarddirection, such that it began to pass in front of the pulsar at around 19UT. Our observing run on this day captured the CME toward the end of the run, meaning that we measured the passage of the leading sheath of this CME before the pulsar moved too close to the horizon and the observations were concluded. Figure 2 shows the LASCO/C3 frames during the observing run on August 21. We see a faint CME moving southwardand passing in front of the pulsar from around 19UT. Since the pulsar itself is too faint to be measurable by LASCO/C3, we can directly measurethe brightness of the pixels occupying the pulsar location. Such an approach provides a level of precision exceeding studies involving, say, spacecraft orbiting planets on the far side of the Sun, as planets are not only observed by LASCO, but they tend to saturate the pixels surrounding their location. Figure 2 , for example, shows the appearance of Venus in the C3 field of view.
MEASUREMENTS AND CALCULATIONS
Along with the frequency of the pulsar, Equation (1) requires measurements of the Faraday rotation δθ, density N e , and width l. LWA-1 provided δθ and N e , while LASCO/C3 provided l and an alternative measurement of N e .
Radio (LWA-1)
LWA-1 provided measurements of two characteristics of the pulsar: the DMand the RM.
RM is the density of free electrons coupled with the magnetic field parallel to the direction of the wave B ( ), and is defined by an integral along the line of sight: Combining Equations (1)-(3), we derive an estimate of the magnitude of the mean magnetic field along the line of sight
where RM is in radians m −2 , DM is in pc cm −3 , and á ñ B is in microgauss. Equation (4) represents a lower limit to á ñ B | | since any field reversals along the line of sight will cause cancellation in the integral for RM. In our study, we provide only preliminary estimates of RM and á ñ B because the ionospheric contribution to RM requires some work to overcome (Section 7.2.2). The λ 2 dependence of both dispersion and Faraday rotation mean that very sensitive measurements of RM and DM can be performed at the lowest frequencies visible through the Earth's ionosphere.
Dispersion Measure (DM)
The effect of dispersion by the interplanetary and interstellar medium is a delay in the pulsar arrival time from the pulsar as a 
where DM is the dispersion measure. The derivation of Equation (5) can be found in standard textbooks on pulsar astronomy such as Lyne & Graham-Smith (2012) and Lorimer & Kramer (2012) . Figure 3 shows the effects of dispersion with changing frequency for the pulsar. We created a template profile for the pulsar by fitting three Gaussian components to a previous observation of the pulsar in the frequency domain, centered at 74 MHz. Then we divided each of the four tunings into eight frequency sub-bands of 2.45 MHz each for each time interval. The pulse time of arrival for each sub-band was found by cross-correlating in the Fourier domain with the template profile for the pulsar. Using the resulting arrival times, DM was calculated from a linear leastsquares fit through a Δt−ω 2 plot using the TEMPO pulsar software package (http://tempo.sourceforge.net). Data where the arrival times were significant outliers due to radio frequency interference or the pulsar being weak in a particular sub-band were removed and the fit was re-run. This technique is similar to that used by Stovall et al. (2015) and is regarded as a standard approach for obtaining the DM of pulsar signals.
Rotation Measure (RM)
For RM,we used the 64.5 MHz tuning only becauseit was the one that most often provided a reasonable RM; the other tunings contained unacceptable levels of RFI. We considered combining them, but, given that the major source of uncertaintiesin our measurements were provided by the ionosphere (Sections 5.1.3 and 7.2.2),we determined that such an approach would be laborsome for minimal improvement.
We first summed all of the data within a time interval in the time domain, keeping all 512 frequency channels. A set of 4096 trial RMs were then produced ranging from 0 to 10 rad m −2 by appropriately rotating the Stokes Q and U vectors for each frequency channel and measuring the total linear polarized flux, L. We then refined the RM measurement by rotating Q and U for each frequency channel following the RM value that provided the maximum L in the previous step, summing to two frequency sub-bands, and calculating the remaining difference in polarization angle between the two sub-bands. Generally, we were able to achieve sufficient signalto-noise for a robust measurement with each 10 minutes of LWA-1 data, so that is the basic time resolution of the RM measurements.
Ionospheric RM
The ionospheric contribution to the RM was estimated using techniques similar to those described by Sotomayor-Beltran et al. (2013) . This was implemented using the getIonosphericRM.py script in the LWA software library (Dowell et al. 2012) . To compute the ionospheric RM for a particular time and source, we use the topocentric coordinates of the source to find the ionospheric pierce point along the line of sight. We apply the assumption that the ionosphere can be approximated as a thin spherical shell at an altitude of 450 km. Since the ionospheric models published by the International GNSS Service have relatively poor spatial (2°.5×5°) and temporal (2 hr) resolutions, the models were linearly interpolated to the desired location and time. We compute the magnetic field using the twelfth release of the International Geomagnetic Reference Field (Thébault et al. 2015) .
Visible Light (Coronagraph)
Each pixel in the coronagraph images is reported in calibrated units of radiance B l , also called the surface brightness or,simply, brightness. We use the theory of Howard & DeForest (2012b) , which applies the historic theory of Minnaert (1930) to features observed at large angles from the Sun. Earlier theoretical work by showed that at elongation angles larger than around 1°, the Sun can be regarded as a point source (see their Figure 4) , and so the theoretical treatment by Howard & DeForest (2012b) is appropriate for application to our study since the pulsar did not pass closer than 4°.5.
Combining Equations (8) and ( 
where dΩ is the solid angle, B e and R e are the radiance and radius of the Sun, respectively, R is the radial distance of the measured feature from the Sun, and ε and χ are the elongation and scattering angle at the location of the measured feature. The radiance, or surface brightness, is given on the LHS of Figure 3 . Measurements of the pulsar from an observation in 2016 March, showing the variation of the pulse phase (Δt) with changing frequency (ω), from which DM is calculated (see Equation (5)). We see a roughly linear decreasing trend in frequency with anincreasing pulse phase.
Equation (6), as B l . The parameter σ t is the scattering crosssection, taken to be half the square of the classical electron radius (s º r 2 t e 2 ). The geometry of this setup can be found in Figure1 of Howard & DeForest (2012b) . The solid angle dΩ and elongation ε of each pixel in an LASCO/C3 image can be found using the WCS information stored in the header of each image along with some fairly straightforward geometry.
The volume V of the CME is required to convert electron number to electron density N e . We assumed that the CME was a sphere located at 30°south and 30°east of the Sun-Earth line. The location was estimated by visual inspection of the EUV images from the AIA images, an active region at around this location on the Sun was seen to become active at around the launch time of the CME. This provided values of χ=145°a nd ε=5°. We measured the diameter of the CME when it was passing the pulsar as 230 pixels, or 13.5 solar radii, translating to a volume of 4.3×10 20 km 3 (see also Section 6.1).
6. RESULTS Figure 4 shows DM and RM values for each of our observing dates, and the time variation on August 21 is shown in greater detail (10 minute time resolution) in Figure 5 . Note the exquisite precision in the DM measurements that LWA-1 provides thanks to its large collecting area and low-frequency coverage: DM variations below 0.01% can readily be measured.
We provide an estimate for the ionospheric contribution to the RM variations (the ionosphere does not contribute significantly to DM) in the third panel of Figure 4 and the resulting RM after removing the ionospheric component in the bottom panel. Note that there is a gradual increase in the ionosphere-removed RM starting at around 19UT (local noon at LWA-1) on August 21, consistent with the typical afternoon peak in the ionospheric total electron content (TEC). The variation in the predicted ionospheric contribution over 6 hr of about 0.8 rad m −2 is very similar to the observed change in the total RM of theorder of0.7 rad m −2 . We do not see a clear signature of the CME in the resulting RM plot (bottom panel of Figure 5 ), but this could be due to the large uncertainty in the ionospheric contribution, and we discuss this issue further in Section 7.2.2. Figure 6 shows a comparison of radiance measurements from LASCO with the values of DM following the subtraction of the galaxy, for each run in our observing campaign. In the DM plots shown in Figure 5 (and Figure 6) , we have subtracted the interstellar contribution, which varies on much longer timescales than the transient CME in which we are interested. This interstellar contribution was calculated using observations of the pulsar obtained from the LWA-1 Pulsar Archive, taken while the pulsar was at large angles (>30°) from the Sun. We first fit each of these observations for DM in the same way as described in Section 5.1.1. These observations span from 2014 April 25 to 2015 October 9. We fit the resulting DM values with a least-squares linear trend, that was subtracted from each DM measurement in the run. The triangles show the radiance (B l ) of the pixels occupying the location of the pulsar in LASCO/C3. This is a measurement of the background F corona, which is an order of magnitude brighter than the CME, the inverted curve is an indicator of the brightness of the F corona as the pulsar approaches and departs from the location of the Sun. The circles in Figure 6 show the radiance values from C3 following the removal of the F corona. This was achieved by identifying the tenth-percentile smallest value of every pixel in each run and subtracting the value of that pixel from each respective pixel in each image. The CME is clearly observable in this plot, with the only values greater than 1×10 −12 B e appearing during the run on August 21.
The diamonds in the top plot of Figure 6 show the DM values from the pulsar following the subtraction of the galaxy. As with the LASCO radiance values, the largest DM values are observed during the passage of the CME on August 21. We cite this as clear evidence that the CME has been detected by both LASCO and LWA-1. Figure 7 shows the parameters that were used to perform our density and magnetic field calculations. We show the galaxy and F corona subtracted values for DM and B l , respectively,and the ionosphere-subtracted values of RM for the observing campaign on August 21.
Density and Magnetic Field Calculations
To demonstrate our procedure, we walk through a single calculation here and later show the results from each time during the CME passage. The following calculations apply to the measurements taken at 21:30UT.
Our calculations require an estimation of the volume of the CME. For this first-time approach, we took the crude assumption that the CME was a perfect sphere. Its diameter (taken to be l in this case), then, was taken as the width of the CME measured from the C3 image. We measured this as 230 pixels, or 13.5 solar radii, which translates to a volume V of 4.3×10 20 km −3 .
The galaxy-subtracted DM value at this time is (1.60±0.06)×10
−3 pc cm −3 as shown in Figure 6 . To determine the density of the CME, we performed an additional step to remove the contribution from the solar wind. This was done by attributing the remaining DM at times before the arrival of the CME at the pulsar position to be due to the solar wind. As with the galaxy, we do not expect the solar wind contribution to vary on the timescaleof a few hours, so we took the DM value at a time prior to the CME arrival to be representative of the solar wind. We chose the value at 16:48UT. Figure 7 shows the (galaxy + solar wind) subtracted values for DM; the value at our example time of 21:30UT is 17.6×10
−5 pc cm −3 . Applying Equation (3) provides the electron density, to which we apply the standard ionic composition for the solar corona (i.e., 80% H and 20% He) to provide the mass density. This yields (3.5±0.5)× 10 −18 kg m −3 . For the photometric (LASCO) calculations, we need the elongation ε and solid angle Ω of the CME, which were measured to be 5°and 0.75 SR respectively. Our radiance (Figure 7 ) was measured to be B l =1.7×10
−12 B e . Applying these to Equation (6) yields a mass of 1.6×10 12 kg, or a mass density of (3.6±0.2)×10 −18 kg m −3 . Finally, using the RM of 2.15 rad m −2 and a width l equivalent to the CME diameter, we arrive at an average estimate for the magnetic field magnitude of <80 nT using DM and <68 nT using the photometric density. Table 1 shows these values for each of the four images during which LASCO/C3 imaged the CME as it was passing in front of the pulsar. In each case,we took the same values for l and V. Table 1 shows a high level of agreement between the radio DM and photometric B l for the later times in our campaign, but this agreement is poorer for the measurement at 19:06UT and non-existent for the measurement at 18:06UT. This is probably because, during those times, either the CME has not yet reached the pulsar orthe density ahead of the pulsarincreased only gradually as the CME began the pass. Note that both the DM and B l values, which are governed by density, are smaller at these times.
DISCUSSION
With the exception of the measurement at 18:06UT, we find agreement within an order of magnitude between the density values obtained from the radio (LWA-1) and the photometric (LASCO) approaches. Our agreement improves for later times in the run, presumably because by these times the pulsar is well inside the CME. Such agreement is remarkable, given the vast difference between the approaches taken, the crudeness of the assumptions that were applied, and the level of uncertainty in the measurements made.
Our results show that CMEs in the solar corona can be identified in radio measurements of pulsars and that reliable determinations of their density-providing values comparable to those obtained from direct measurements of the corona via Thomson scattering imagery-can be accomplished. As Faraday RMs are obtained using the same radio source as for density, we are confident that reliable values of the RM, and therefore magnetic field, are also achievable, so long as a suitable removal of the ionospheric contribution can be performed.
On the Properties of CMEs When They Are Close to the Sun
While we must stress the preliminary nature of our results and offer appropriate cautions in drawing solid conclusions from them, we will nonetheless use them here to speculate about some trends in the properties of CMEs when they are close to the Sun.
As mentioned in Section 1, we have not yet measured the magnetic field or density of CMEs directly when they are in the corona, but we can infer a possible range of values that we might expect using direct measurements from in situ spacecraft at different radial distances from the Sun. The twin Helios spacecraft (Schwenn et al. 1975 ), for example, had orbits that varied roughly between 0.3 and 1.0au from the Sun and provided in situ measurements of density and magnetic field for around seven years. Bothmer & Schwenn (1998) provide measurements of the density of the magnetic cloud component of CMEs using Helios across that radial distance range (their Figure 15) , and found a proton density N p relationship with radial distance R of N p =(6.47±0.85)×R −2.4±0.3 cm −3 , where R is in astronomical units. At the distances at which our pulsar was located during our observation campaign (18 R e ), this would yield an expected density of (-
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2.5 5.8 18 ) kg m −3 . With the exception of the early measurement at 18:06UT when the CME was just starting to pass the pulsar, our density calculations shown in Table 1 all fall into this range, lending evidence to support the claim that at least density trends of CMEs in the solar wind continue into the corona. Figure 6 . Comparison of density-sensitive measurements from LWA-1 (DM) with LASCO (radiance). The triangles and circles are from LASCO/C3, taken by measuring the calibrated radiance values of the pixels occupying the location of the pulsar. The triangles show the values with no background subtraction, i.e., measurements of the relatively bright F corona, while the circles show the radiance values with the F corona removed. The diamonds in the top plot show the DM values from LWA-1 following the subtraction of the galaxy. The CME is clearly visible in both the DM and radiance measurements as the brightest feature measured in the entire observing campaign. This is indicated and labeled in each plot.
Dealing with Limitations
The results presented here are intended to demonstrate the value of using pulsars for Faraday rotation work with CMEs, to show that CMEs can be identified and measured in lowfrequency radio data in a meaningful way, and can provide an important first step with the currently available datasets, models, and methodology. We acknowledge, however, that our results are hampered by a number of important factors, both from the nature of CMEs themselves and from local contributions. In this section, we highlight two major limitations that arise in our study, and describe means that can be taken to mitigate them in future studies.
The Nature of CMEs
An important limiting factor in our ability to accurately measure CMEs is the fact that they are nebulous in nature. They are optically thin in visible light, have a 3D extent that is not captured by coronagraphs, and are not symmetric in structure or kinematic evolution. When observing from a single viewpoint, it is almost impossible to reconstruct the 3D structure of a CME, and it is highly difficult even when observing from more than one viewpoint. Furthermore, the structures of CMEs are generally divided into two or three components, with the leading bright front of the CME expected to have properties different from those of its internal cavity or following filament (e.g., Illing & Hundhausen 1985) . For the CME that was the focus of the present study, our observation campaign on August 21 was concluded while the leading bright front (often called the sheath) was still passing in front of the pulsar. Hence it is highly likely that the density and magnetic field measurements that we calculated were for this component and not for the cavity component. This is important for solar physics and space weather studies becauseit is the cavity component that is believed to contain the highly structured magnetic cloud (e.g., Forsyth et al. 2006; Howard & DeForest 2012a ) that carries the strongest magnetic fields and is responsible for geomagnetic storms at the Earth.
There are a number of approaches that can be taken to reduce the uncertainty in CME measurements caused by these factors. Howard (2015) provides a review of some of these, including the utilization of imaging spacecraft observing from multiple angles and the employment of heliospheric imagers to observe CMEs across sufficiently large angular range for their geometric structure to be extractable. Sadly, at the time of writing, we do not have these capabilities with the currently available instruments, but they have been demonstrated by many workers with imagers that were available until recently (e.g., Howard & Tappin 2008; Temmer et al. 2009; Byrne et al. 2010; Lugaz et al. 2010; Mierla et al. 2010; de Koning & Pizzo 2011; Feng et al. 2012; Möstl & Davies 2013; Howard 2015 , and references therein). Howard (2015) and DeForest et al. (2015) provide suggestions for future missions to capitalize on the lessons learned from these prior imagers.
Measuring the different components of the CME is much more easily solved, though, it depends on a certain quantity of luck. With ground radio arrays, we are limited to observing for only a few hours each day and it takes several hours for the CME to pass across the LASCO/C3 field of view. This is further limited by the fact that we have only around two weeks of observing time while a given pulsar passes sufficiently close to the Sun for it to lie within the C3 field of view. The likelihood of catching a CME in an appropriate location of the sky is therefore less than ideal. We can greatly improve that likelihood with the inclusion of additional pulsars and of nonpulsar radio sources (see Section 8), and by widening the field of view at which photometric measurements can be made. The latter is accomplished by the inclusion of heliospheric imagers, such as the HIs on board STEREO, though they were not in favorable locations for these kinds of measurements at the time of writing or for the case of our measured CME. These are, however, relatively easy problems to overcome with the application of existing instrument designs and with further study into the nature of low-frequency polarized radio sources.
The Ionosphere
As demonstrated above, determining and accurately subtracting the ionospheric contribution to RM is critical to more sensitive measurements of heliospheric magnetic fields. Oberoi & Lonsdale (2012) discuss the relative contributions of a range of different ionospheric features and show that values in the range of2-6 rad m −2 are typical at mid-latitudes. On the other hand, the expected contribution to RM from CMEs varies greatly with distance from the Sun. Bird et al. (1985) used the beacons on the Helios spacecraft to measure CME contributions of up to 100 rad m −2 in the elongation range of 1°.5-4°. Jensen & Russell (2008) , then accurate ionospheric correction is essential.
The standard method for compensating for the ionospheric contribution is to use a density model of the ionosphere corrected for the TEC, measured by GPS satellites, together with a geomagnetic field model to estimate the RM specific to the observing location (e.g., Sotomayor-Beltran et al. 2013) . This is the technique that we have adopted for the present study (see Section 5.1).
While the technique that we have adopted is the status quo for identifying the ionospheric RM, we must note some drawbacks in this approach. Using a model to estimate the ionospheric RM is not ideal as the actual distribution of charge density with height (and therefore with magnetic field) is often not well represented by the model. This is particularly a problem at lower altitudes where the magnetic field is stronger (therefore contributing more to the RM), and ionospheric structure can be significant. Additionally, the currently available datasets, such as the global TEC network (http:// www.ngdc.noaa.gov/stp/iono/ustec/),often do not have suitable local coverage.
To assist with efforts to improve the identification of ionospheric RM, a dual-frequency differential GPS system provided by the Air Force Research Laboratory (AFRL) has been installed at LWA-1. This will enable us to directly measure the TEC directly above LWA-1 that is contributed by the ionosphere, via multiple linesofsight toward GPS satellites. In conjunction with this effort, future work will involve the use of an AFRL DPS-4D digisonde located at the Kirtland Air Force Base in Albuquerque, which is some 130 km northeast of the LWA-1 site. This will measure the actual density profile below the F2 ionosphere layer as a function of time. This is sufficiently close to the LWA-1 site for us to produce a reliable estimate of the vertical profile there and, thus, in conjunction with the TEC data and the wellunderstood geomagnetic field model, perform a better calculation of the time-varying ionospheric RM contribution. This effort will be used both to correct our solar wind RM measurements and to assess the accuracy of the standard approach of using ionospheric reference models.
An alternative approach that is also being investigated is to use the LWA-1 data themselves to obtain the electron density profile. This follows recent work (Kero et al. 2014) where the KAIRA array was used as a riometer to provide an estimate for the electron density profile of the ionosphere.
CONCLUDING REMARKS
It follows from our results that similar measurements can be performed on other polarized pulsars that pass close to the Sun at times throughout the year. We have identified five other such pulsars readily detected by LWA-1 that pass within 10°of the Sun (J0045-0534, B0031-07, B0823+26, B0943+10, and B1749-28) that could also potentially be used for magnetic field measurements of CMEs in the corona. We expect the number of pulsars that can be used for this purpose to increase as our knowledge of low-frequency radio sources continues to grow.
We conclude with the comment that, while pulsars are ideal candidates for extracting the magnetic field measurements that we require, we can, in principle, apply this same analysis to polarized sources that are not pulsars. A non-pulsar source would not allow us to produce DM values, and therefore not provide a density directly, but we have shown that a reliable density measurement can be extracted from auxiliary measurements; in our case, from visible light coronagraph measurements of the region of the sky occupied by the radio source. Currently, very few low-frequency polarized sources have been found, but it is anticipated that Note. We show the time of each measurement (all from 2015 August 21), RM and DM values obtained from the LWA-1 measurements of the pulsar, and the B l obtained from the LASCO photometric measurements. The resulting density and magnetic field from both radio DM and coronagraph photometric B l approaches are then shown, with the latter in brackets.
additional sources will be discovered with dedicated surveys. One such survey, called GLEAM (Wayth et al. 2015) , is currently being conducted using the Murchison Widefield Array. Furthermore, we can extend our analysis beyond sources that pass close to the Sun, as the means to calculate the density and location of a CME are available there. Obvious examples are with the utilization of heliospheric imagery (e.g., DeForest et al. 2013 ) and with interplanetary scintillation (e.g., Jackson & Hick 2006; Jackson et al. 2007) . It is therefore entirely within our capability to eventually produce a map of density and magnetic field of transient features within the inner heliosphere.
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